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Introduction
Evidence for the existence of a gene involved in breast cancer susceptibility was first reported in 1990. 1 Four years later, the gene dubbed BRCA1
(Breast Cancer-1) was identified by positional cloning, 2 and cloned by several groups. 3 Unfortunately, the sequence of BRCA1 provided little insight into its function, as there was only a single previously recognized domain within its 1863-residue sequence. The domain, called "RING" for Really Interesting New Gene, had been defined in 1991 as a domain that was likely to bind zinc ions based on its eight conserved Cys and/or His residues, 4 but a biochemical function had yet to be defined. Nevertheless, the existence of missense mutations in the BRCA1 RING domain identified in families with high breast cancer risk motivated us to determine the threedimensional structure of the N-terminal (RINGcontaining) region of BRCA1. An essential protein partner for BRCA1, BARD1 (BRCA1-Associated RING Domain protein-1), was identified through a yeast two-hybrid screen as a stoichiometric binding partner for BRCA1. 5 Like BRCA1, BARD1 has a RING domain at its Nterminal end and this region is responsible for its tight association with BRCA1. Although each RING domain contains 60 residues, the structural units defined by limited proteolysis encompass the first 100 residues of each protein. 6 Therefore, we determined the structure of the heterodimeric complex formed between the first 110 residues of BRCA1 and BARD1 by NMR [ Fig. 1(A) ]. 7 The structure revealed that the two proteins do not interact directly through their RING domains, as had been expected, but rather through a four-helix bundle formed by BRCA1 and BARD1 helices that flank each RING domain [ Fig. 1(A) ]. Subsequent structures of other heterodimeric RINGs, as well as homodimeric complexes, are highly similar in architecture. 8, 9 As we completed structural analysis of the BRCA1/BARD1 heterodimer, it was discovered that RING domains, including the BRCA1 RING domain, function as ubiquitin E3 ligases. 10 Formation of a BRCA1/BARD1 heterodimer exhibits substantially greater E3 ligase activity in vitro than BRCA1 alone.
11 Surprisingly, though both BRCA1
and BARD1 have RING domains, NMR binding studies showed that only BRCA1 interacts with the E2. 12 These studies provided a biochemical function for BRCA1's RING. Importantly, all of the known cancer-associated missense mutations in the Nterminal region of BRCA1 yield ligase-dead forms of BRCA1. 12 With these structural and biochemical insights in hand, we sought to further characterize BRCA1 interactions with ubiquitin machinery. The covalent attachment of ubiquitin (Ub) to a protein requires the activity of three enzymes: an E1 Ub-activating enzyme, an E2 Ub-conjugating enzyme and an E3 Ub ligase. 13 E3 ligases that contain a RING-type domain comprise the largest family of E3s, with over 600 members in the human proteome. 14 Though the original biochemical assays using BRCA1 as an E3 included the human E2 Ube2d, this E2 tends to be nondiscriminating in terms of the E3s with which it works in vitro. Therefore, we tested whether any of the other 36 human E2s could work with BRCA1/BARD1. Under the presumption that an E2 must bind to an E3 to activate Ub transfer, we devised a yeast two-hybrid strategy to identify E2s that bind to the BRCA1/BARD1 RING heterodimer. 15 To our surprise, not only did the three isozymes of Ube2d bind, but we found a total of ten E2s that bind to BRCA1/BARD1. Of these ten E2s, nine are active with BRCA1/BARD1 in in vitro auto-ubiquitylation assays. Furthermore, the type of products generated (mono-ubiquitylated, or specific types of poly-Ub chains) depended on the E2 with which BRCA1/ BARD1 was paired. This revelation opened the possibility that different E2/BRCA1 pairs might work together to modify different substrates or target the same substrates with different types of modifications, leading to different cellular outcomes. Through structural and biochemical studies from numerous labs, a general mechanism for how RINGtype E3 ligases activate E2Ub conjugates to transfer Ub to lysine residues has been defined. 16 A surface on a RING domain serves as the binding site for an E2. 12, [17] [18] [19] [20] [21] [22] If the E2 carries activated Ub, binding to the RING promotes a "closed" conformation of the E2Ub where the Ub makes additional noncovalent contacts with the E2. [23] [24] [25] [26] [27] The closed conformation is more reactive towards nucleophilic attack by amino groups, thereby activating the E2 to transfer its Ub to a lysine sidechain. Most RING-type E3s use a conserved residue, referred to as the "linchpin," to activate E2Ub. The linchpin residue is usually an Arg or Lys whose side chain interacts with hydrogen bond acceptor groups on both the E2 and the C-terminal tail of Ub, promoting the closed state. [23] [24] [25] [26] [27] Though variations are emerging as more RING-type E3s are studied in detail, this main theme appears to be quite general.
We have sought to use these insights to discover ways to modulate BRCA1/BARD1 activity and to test our understanding of its mechanism. Although only the RING of BRCA1 interacts directly with an E2, we report here that mutations in either the BRCA1 RING or the BARD1 RING are capable of increasing ligase activity. We use these hyperactive BRCA1 mutants to demonstrate the importance of native BRCA1/BARD1's finely tuned activity. In addition, these studies identify possible avenues for rescuing the activity of cancer-associated BRCA1 variants and modulating the activity of other RING E3 ligases.
Results

BRCA1 and BARD1 RING domains have evolved attenuated activity
To better understand how the BRCA1/BARD1 heterodimer activates transfer of Ub, we sought to define what is required to destroy activity and what is required to enhance it. In the former case, wellknown cancer-associated mutations in the BRCA1 RING domain are profoundly dead as ligases in vitro.
12 However, each of these mutations substitutes a Cys residue that is responsible for binding Zn 21 and, therefore, critical for structural integrity of the RING domain. 28 On the basis of our original characterization of the binding of the human E2, Ube2d3, to BRCA1/BARD1, we designed a mutant BRCA1 (BRCA1-I26A) that selectively disrupts this interaction, but maintains the structure of the BRCA1/ BARD1 heterodimer. 12 This mutation has since become the standard "ligase-dead" mutant of BRCA1 for studies both in vitro and in vivo. [29] [30] [31] [32] However, our subsequent discovery that eight other human E2s can also function with BRCA1/BARD1 reopened the question as to how to make a BRCA1/BARD1 heterodimer that is truly ligase-dead with all E2s. We found that three mutations are required to completely eliminate BRCA1 activity without disrupting its structure: I26A, L63A, and the allosteric linchpin residue K65A. Unlike the I26A mutation alone, this combination of three mutations eliminates detectable activity with all of the E2s shown to work with BRCA1 (Supporting Information Fig.  S1 ). Future studies using this structurally-intact but truly-dead triple-mutant BRCA1 may clear up conflicting reports about the importance of ligase activity in vivo.
32,33
Building on what we learned about how BRCA1/ BARD1 binds to and activates E2s, coupled with deep mutational screening of BRCA1 activity, we have been able to generate new gain-of-function BRCA1 mutants with enhanced E3 ligase activity. 12, 27, 34, 35 The mutational screen identified several positions of BRCA1 that increase E3 ligase activity upon mutation. 34 The two most activating mutations were L51W and K65R. We purified recombinant RING domains containing these mutations and confirmed that indeed they have significantly enhanced ability to form ubiquitin chains in vitro when compared to wild-type BRCA1/BARD1 [ Fig. 1 shown that while BARD1 contains a RING domain that is structurally similar to BRCA1, it does not bind directly to an E2. 7, 12 To ascertain the role that the BARD1 RING domain plays in E3 ligase function we created constructs in which a zinc-coordinating cysteine in the RING domain was mutated to Ala (C53A or C71A). Analogous variants in the BRCA1 RING domain retain their ability to bind zinc, but have significant structural perturbations and loss of E3 ligase function. 7, 28 To our surprise, we found that BRCA1/ BARD1 with C53A-or C71A-BARD1 mutations have increased E3 ligase activity [ Fig. 1(B) ]. This suggests that the BARD1 RING domain may serve to attenuate BRCA1 ligase activity. To further investigate this possibility, we designed a "RINGless" BARD1 construct where the RING domain of BARD1 is replaced with a five-residue linker to directly connect the helices that normally flank the RING domain. Remarkably, even without the RING domain, the BARD1 helices retain the ability to bind and promote BRCA1 E3 ligase activity to levels similar to the wild-type enzyme [ Fig. 1(B) ]. These findings along with those from a recent report indicating an important role for a BARD1 RING residue in ligase activity 36 highlight the need for further investigation into the role of BARD1, the under-appreciated half of the BRCA1/ BARD1 heterodimeric E3.
BRCA1 activity is tuned for target specificity BRCA1 has been shown to function as an E3 ligase for nine different human E2s. 15 Because BRCA1
activates an E2Ub conjugate to transfer Ub directly to the substrate, the product largely depends on the E2. For example, the E2 Ube2w mono-ubiquitylates the N-terminus of target substrates, while the E2 Ubc13/Ube2v2 adds Ub to Lys 63 of another Ub molecule to build K63-linked chains. 37, 38 Autoubiquitylation of BRCA1 provides a convenient assay for monitoring differences in activity and product formation. Figure 2 (A) shows Ube2e1 and Ube2w both add one Ub to BRCA1, as evidenced by the band that appears at 50kDa in the gel. In contrast, Ubc13 and Ube2k can only modify BRCA1 if used in conjunction with Ube2w. Ube2w adds the first Ub to prime the system, and the Ubc13 or Ube2k can then build chains on that Ub [ Fig. 2(A) ]. When the hyperactive BRCA1 is used in the same assays, there is a pronounced change in the observed products. The monoubiquitylating E2 Ube2e1 now produces high molecular weight products, signifying attachment of multiple Ub moieties. Ube2w primarily mono-ubiquitylates hyperactive BRCA1, but higher molecular weight products are also observed. Unlike with wild-type BRCA1, both Ubc13 and Ube2k now modify hyperactive BRCA1 with high molecular weight products in the absence of a priming E2 [red box in Fig. 2(A) ]. These data demonstrate that the hyperactive BRCA1 mutations lead to a loss of E2 product specificity typically catalyzed by wild-type BRCA1.
Hyperactivity causes a similar loss of E2 specificity toward the BRCA1 substrate estrogen receptor (ERa). Ubiquitylation of the ERa ligand-binding domain (LBD) can turn off estrogen signaling, but does not lead to degradation of ERa in cancer cells. 39, 40 While the E2 required for this activity in vivo is unknown, it is clear that specificity is required to avoid modifying ERa with Lys 48-linked Ub chains that would lead to its destruction. In vitro ubiquitylation assays of ERa show that of all the E2 enzymes that can function with wild-type BRCA1, only the Ube2d family adds Ub to ERa LBD efficiently [ Fig. 2(B) ]. However, the hyperactive L51W/ K65R BRCA1 mutant is able to activate the Ube2e family and Ube2w to transfer Ub to ERa, again demonstrating loss of specificity. Loss of E2 productspecificity could decrease the fidelity of signaling by allowing multiple products (and therefore multiple signals) to be generated, providing a rationale for the fine-tuning of BRCA1 activity.
Hyperactive substitutions can rescue activity of cancer-associated variants
Cancer-associated variations in the BRCA1 RING domain lead to a loss of E3 ligase activity. 12 BRCA1
ligase activity is important for homologous recombination and genome stability which have clear implications for tumorigenesis. 36 , 41 Here we show that hyperactive mutations are capable of rescuing the ligase activity of two cancer-associated variants, C61G and C64G (Fig. 3) . BRCA1 that contains both a cancer variation and the hyperactive substitutions activates the E2 Ube2d to build poly-Ub chains as well as wildtype BRCA1. Both activating substitutions (L51W and K65R) are necessary to restore activity of the cancer variants to the level seen in wild-type (Fig. 3 , Supporting Information S2). This rescue of activity is surprising given that each of the cancer-associated mutations, C61G and C64G, result in a loss of a zinc-coordinating ligand and, therefore, a destabilization that is in close proximity to the hyperactive substitution, K65R. Future studies to confirm the rescue phenotype in vivo are needed, but the finding provides a conceptual basis for searching for a small molecule capable of rescuing the activity of even profoundly ligase-dead cancer-associated variants of BRCA1.
BRCA1 tuning residues are applicable to other RING E3 ligases
There are hundreds of predicted RING E3 ligases in the human genome and the enzymatic activity of most of them has yet to be characterized. Fortunately, many aspects of the BRCA1 RING E3 mechanism can be used to characterize other RINGs. For example, the shows auto-ubiquitylation activity after 1 h with multiple E2 enzymes (listed below lanes). Where Ubc13 is listed, Ube2v2 is also present. Red boxes highlight key differences in E2 specificity with the hyperactive BRCA1 E3 ligase (L51W 1 K65R) compared to wild-type. Mono-Ub-BRCA1 appears as a band that runs with an apparent MW of 50 kDa on the gel (just above the band for unmodified BRCA1). (B) Western blot for the V5 tag present on the ERa LBD in an ubiquitylation assay after 1 h using the BRCA1 construct listed above the lanes and the E2 enzymes listed below the lanes. Hyperactive BRCA1 ubiquitylates ERa independent of the E2 enzyme used.
positively charged allosteric linchpin residue in other RINGs, K65 in BRCA1, is a conserved and essential part of the mechanism for many different RINGs. 27 Notably, many RING E3s have a positively charged Arg in this position instead of Lys and/or a native Trp at the position equivalent to L51 in BRCA1. In support of the general importance of these positions to the functioning of RING-type E3s, mutation of the native R1143 of E4BU (K65 equivalent in BRCA1) or W408 of cCbl (L51 equivalent in BRCA1) is reported to lead to significant loss of ligase activity. 27, 42 To determine if the activity of uncharacterized RING E3s can be predicted and modulated using these insights, we chose the monomeric RING E3 Listerin1 (Ltn1). Ltn1 contains a native Trp and Arg at the positions equivalent to L51 and K65 in BRCA1 [ Fig. 4(A) ]. We will refer to these residues using the BRCA1 numbering scheme for clarity.
Under identical conditions and concentrations, wildtype Ltn1 is more effective at activating Ube2d2 when compared to BRCA1/BARD1, as would be predicted by the presence of the activity-enhancing residues, W51 and R65 [ Fig. 4(B) ]. As the residues are in a different context in Ltn1, we asked if they can still modulate ligase activity. Indeed, substitutions at either of the tuning positions substantially decrease Ltn1 activity [ Fig. 4(B) ]. The cellular function of Ltn1 is to ubiquitylate and degrade nascent proteins that are stalled during translation. 43 Therefore, Ltn1's function requires it to ubiquitylate any stalled peptide without specificity, providing a possible rationale for why it has evolved enhanced rather than attenuated activity. Hence, the identity of the residue at these positions can be used as starting points for modulating the activity of other RING E3s, providing a useful strategy to characterize their cellular functions.
Discussion
With over 600 members, human RING E3s are the largest class of Ub E3 ligases, and even eclipse the number of kinases in the human proteome. sequences revealed that nearly half (46%) have Arg as their linchpin compared with 14% that have Lys at this position. This suggests that other E3s may also have attenuated activity. While the biological driving force for lower activity may vary among RING E3s, our in vitro data suggest that the ability to maintain product specificity through differential activity with multiple E2s is important. Hyperactive BRCA1 produces high molecular weight modifications with E2s that are normally limited to monoubiquitylation with wild-type BRCA1. BRCA1 has been fine-tuned through evolution to prevent the generation of off-pathway products, particularly auto-ubiquitylation that could result in the unintended degradation of BRCA1. BRCA1 is expressed in cells at low levels, making such a suicidal tendency especially catastrophic, and providing a hint as to why maximal E3 ligase activity is not always optimal.
The heterodimeric RING partner, BARD1, is essential to BRCA1's ligase activity, so it was surprising to find that the BARD1 RING itself appears to play an attenuating role on ligase activity. The helices adjacent to the RING domains of BRCA1 and BARD1 are important for stabilizing the BRCA1/BARD1 heterodimer, but the role of the BARD1 RING has remained enigmatic. We find that disruption of the BARD1 RING domain through mutation of zinc coordinating ligands can unexpectedly increase BRCA1 ligase activity. Indeed, elimination of the BARD1 RING altogether still supports BRCA1 ligase activity as long as the BRCA1-binding helices of BARD1 are present. A modulatory role for the non-E2-binding RING partner of heterodimeric RING E3s has been reported for the polycomb group ring finger (PCGF) family of six homologs that bind to RING1A/B in the gene silencing polycomb repressive complex 1. Analogous to what we observe for BARD1, the level of ligase activity of RING1A/B depends on the identity of the non-E2-binding partner. Strikingly, RING1A/B ligase activity is attenuated when paired with the canonical partner, PCGF4 (also called BMI1), compared with the other five homologs. 46 In the case of BRCA1, which has only a single obligate heterodimeric RING partner, the complex has evolved attenuated activity. This raises the intriguing possibility that BRCA1 activity could be further modulated by some posttranslational modification of the BARD1 RING. The lack of an essential active site residue that can be mutated to ablate activity in RING E3s poses a substantial challenge in designing molecular tools to decipher cellular function. For instance, use of the I26A BRCA1 mutant in a mouse knock-in experiment led to the provocative conclusion that BRCA1's E3 ligase function is not required for its tumor suppressor function. 32 While this conclusion may indeed be correct, we show here that the I26A-BRCA1 is not ligase-dead with all E2s, reopening the question.
Only by mutating the linchpin residue and two residues within the E2 binding site can we generate a BRCA1 mutant that is structurally intact and not active with any E2 enzymes. This mutant affords the opportunity to distinguish between phenotypes associated with BRCA1 E3 ligase activity from its other roles as a protein scaffold. Our findings with BRCA1 are relevant to other E3 ligases. For instance, mutation of equivalent residues in other RINGs provides a good starting place to identify their cellular functions. Along these lines, we show with an unrelated RING E3, Ltn1, we can predict and modulate RING activity by targeting specific RING tuning residues. A second question that continues to cloud the field is the issue of RING E3 specificity. Here we use a hyperactive BRCA1 mutant to show that not only does the type of ubiquitin modification made on a product depend on the E2 that is paired with a RING E3, but it also depends on (1) the degree to which an E3 can activate the given E2 and (2) the substrate itself. Substrate-dictated specificity is observed in other RING-type E3s such as RING1/ PCGF complexes, which robustly auto-ubiquitylate themselves with poly-ubiquitin chains but mostly mono-ubiquitylate nucleosomes. 46 Insight into the different specificity comes from the recent structure of the E2/E3/nucleosome complex showing that the E2 active site is positioned in close proximity to the target lysine. 47 This specific mode of binding indicates that after ubiquitin is added to the nucleosome it may sterically hinder binding of a second E2Ub conjugate. Even if a second E2Ub can bind the ubiquitylated nucleosome, this would place the E2 active site too close to the conjugated ubiquitin's Cterminus and more distant from the lysines in the conjugated ubiquitin. This is in contrast to autoubiquitylation which likely does not involve specific substrate binding or addition to a specific lysine. More structural and biochemical data on E3/E2 complexes and their substrates are needed to better understand the source E3 ligase specificity. In summary, we have built on the current understanding of RING structure and mechanism to design and characterize hyperactive and ligase-dead mutants of BRCA1/BARD1 that shed light on their E3 ligase function. These results provide tools that can be used to study E2 enzyme specificity, predict and modulate the activity of other RING E3s, and potentially develop activity-enhancing small molecules for RING E3s in the future.
Materials and Methods
BRCA1 constructs and purification
The growth, co-expression, and co-purification of BRCA1/BARD1 constructs were carried out as described previously. 48 Briefly, RING domain constructs consisted of residues 1-112 of BRCA1 and 26-140 of BARD1, while long constructs used in auto-ubiquitylation assays (Fig. 2 , Supporting Information S1) consisted of residues 1-304 of BRCA1 and 26-327 of BARD1. The RINGless BARD1 construct was made using the Agilent Quikchange protocol with a primer designed to delete BARD1 residues 50-98 and loop in a five residue linker in place of the RING domain (SerGlyGlySerGly). All BRCA1 and BARD1 constructs are co-expressed in BL21 Escherichia coli cells and purified with nickel affinity resin and size exclusion chromatography. ERa LBD, Ub, HA-tagged Ub, E1 and various E2s used for assays were expressed and purified as described previously. 15, 39, 49 The RING domain of Ltn1 (residues 1716-1766) was cloned from a construct generously provided by C. Joazeiro downstream of an N-terminal histidine tagged SUMO with a H3C protease cleavable attachment site. Expression of SUMO-fused Ltn1 was induced in BL21 Escherichia coli cells using 0.2 mM IPTG at 168C overnight. SUMO-Ltn1 fusion was purified using a nickel affinity column per manufacturer protocol (Invitrogen). Imidazole was removed via dialysis at 48C into the recommended nickel affinity resin binding buffer while SUMO was cleaved from Ltn1 using a GST tagged H3C protease. The H3C protease and cleaved SUMO were removed with GST and nickel affinity resins, respectively, while Ltn1 remained unbound. Size exclusion chromatography with SDX75 resin in 25 mM sodium phosphate pH 7.0, 150 mM sodium chloride was used as a final purification step. Ltn1 was stored at 48C and assayed within a week of purification. All BRCA1, BARD1 and Ltn1 mutations were made using Agilent Quikchange protocol and purified using the same methods as the wild-type enzymes.
Ubiquitylation assays
All ubiquitylation assays were carried out in 25 mM sodium phosphate pH 7.0, 150 mM sodium chloride at 378C with shaking. All western blots were imaged using an Odyssey infrared imaging system (Licor). The ability of E3 RING domain constructs to enhance the rate of ubiquitin chain formation was measured by combining E1, E2 (Ube2d3), E3, HAtagged Ub, ATP, and MgCl 2 in the concentrations listed in the figure captions. The reaction is stopped by addition of denaturing and reducing SDS-PAGE load dye at the time after addition of ATP listed in the figure captions. Samples were run on SDS-PAGE and visualized by western-blotting for the HA tag on Ub using an antibody from Bethyl Laboratories (A190-108A).
BRCA1 auto-ubiquitylation with various E2 enzymes was measured by combining 1 lM E1, 2 lM E2, 3 lM BRCA1/BARD1 long constructs, 40 lM Ub, 5 mM ATP, and 5 mM MgCl 2 for 1 h and then stopping the reaction by addition of denaturing and reducing SDS-PAGE load dye. A FLAG tag was appended to the N-terminus of BRCA1. Samples were run on SDS-PAGE and western blots performed using a FLAG antibody from Sigma-Aldrich (F3165).
Ubiquitylation of the ligand binding domain (LBD) of ERa containing a V5 tag with various E2s was measured by combining 2 lM ERa LBD, 1 lM E1, 2 lM E2, 3 lM BRCA1/BARD1 long constructs, 20 lM Ub, 5 mM ATP, and 5 mM MgCl 2 for 1 h and then stopping the reaction by addition of denaturing and reducing SDS-PAGE load dye. Samples were run on SDS-PAGE and western blots performed using V5 antibody from Invitrogen (46-0705).
